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(57) Abstract: In an illumination method for illuminating a substrate which is arranged in the area of an image plane of a projection 
objective as well as in a projection illumination system for performing that method output radiation directed at the substrate and 
having an output polarization state is produced. By means of a variable adjustment of the output polarization state with the aid of 
at least one polarization manipulation device the output polarization state can be formed to approach a nominal output polarization 
state. The polarization manipulation can be performed in a control loop on the basis of polarization-optical measuring data. 
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Description 

Microlithographic illumination method as well as a projection illumi- 
nation system for carrying out the method 

The invention relates to an illumination method for illumination of a sub- 
strate which is arranged in the area of an image plane of a projection objec- 
tive by at least one image of a pattern of a mask which is arranged in the 
area of an object plane of the projection objective, and to a projection illu- 
mination system for carrying out this method. 

Microlithographic illumination methods and projection illumination systems 
are used for production of semiconductor components and other finely 
structured parts. They are used to project patterns of photomasks or 
graduated reticles, which are referred to in a general form in the following 
text as masks or reticles, onto a substrate which is coated with a radiation- 
sensitive layer, for example onto a semiconductor wafer which is coated 
with photoresist, with a very high resolution and on a reduced scale. 

A projection illumination system for microlithography comprises an illumina- 
tion system for illumination of the mask with illumination radiation, as well 
as a projection objective which follows the mask and which is used to im- 
age the pattern of the mask in the image plane of the projection objective. 
In this case, the radiation which has been changed by the mask passes 
through the projection objective, which produces output radiation that is 
directed at the substrate and whose characteristics determine the quality of 
the image production. In this case, the output polarization state, that is to 
say the polarization state of the output radiation which emerges from the 
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projection objective and is directed at the substrate, plays an increasingly 
important role for decreasing wavelengths and increasing numerical aper- 
tures. 

When using conventional lithography objectives, with image-side numerical 
apertures NA which are not excessively high, and which objectives have a 
purely refractive (dioptric) form and are normally operated using unpo/ar- 
ized light at wavelengths of 248 nm or above, the output polarization state 
is in most cases not critical For systems which are operated with polarized 
light, for example catadioptric projection objectives with a polarization- 
selective, physical beam splitter (beam splitter cube, BSC), the output po- 
larization state is, in contrast, a critical parameter. 

Birefringence effects of synthetic quartz glass are significant even at oper- 
ating wavelengths of about 193 nm. When using fluoride crystal materials, 
such as calcium fluoride, which are used, for example, in order to avoid 
compacting and/or for correction of colour errors, it should be borne in mind 
that these materials are polarization-optically effective. Owing to 
stress-induced and/or intrinsic birefringence, they can cause polarization- 
changing effects on the light passing through them. 

At the moment, only calcium fluoride is available in the required quality and 
quantity as a lens material for operating wavelengths of about 157 nm or 

* 

below. At these short operating wavelengths, the influence of intrinsic bire- 
fringence is several times stronger than at a wavelength of 193 nm. Stress 
birefringence is likewise frequently observed to a disturbing extent. 

It should also be borne in mind that deflection mirrors are used for many 
optical systems used in projection illumination systems, can be operated 
with an oblique radiation incidence and can accordingly produce a polariz- 
ing effect. For example, one or more deflection mirrors can be provided in 
the illumination beam path, that is to say between the light source and the 
outlet of the illumination system, in order to reduce the physical length of 
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the illumination unit. Owing to the different reflection levels for s-polarized 
and p-polarized field components of the radiation coming from the light 
source, it is possible, for example, for partially polarized illumination radia- 
tion to be produced from initially unpolarized radiation. If linear-polarized 
laser light is used, then the direction of the linear polarization can be 
changed, or an elliptical polarization state can be produced by using an 
appropriate phase effect. In the case of catadioptric systems, obliquely il- 
luminated deflection mirrors are likewise frequently provided in the area of 
the projection objectives, which may have a polarization-changing effect, 
and accordingly influence the output polarization state. 

For high numerical apertures, for example with values of NA = 0.85 or 
more, the vector character of the image-producing electric field also makes 
itself increasingly noticeable. For example, the s-polarized components of 
the electric field, that is to say that component which oscillates at right an- 
gles to the incidence plane spanned by the incidence direction and the nor- 
mal to the surface of the substrate interferes better and produces better 
contrast than the p-polarized component which oscillates at right angles to 
it. In contrast, p-polarized light is generally coupled better into the photore- 
sist. Proposals have therefore already been made to operate with specifi- 
cally polarized output radiation, for example with tangential polarization or 
radial polarization, depending on the use of high apertures. Sometimes, 
even circular-polarized or unpolarized output radiation is also desirable. 

Unfavourable polarization states can lead to a variation in the width of im- 
aged structures over their direction. Such interference with a desired direc- 
tion independence of the image is frequently referred to as HV differences 
or critical dimension variation (CD variation). Variations of the imaged 
structure widths across the field are also observed. Furthermore, undesir- 
able nonlinear relationships may occur between the size of the structure to 
be imaged and the size of the imaged structure. In addition, unfavourable 
polarization states can induce telecentricity errors, which can lead to 
undesirable distortion between different adjustment planes. Not least, in 
systems 
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which operate with polarization, radiation of the parasitic polarization which, 
for example, can occur due to leakage transmission on polarizing elements, 
may have a contrast-reducing effect 

European Patent Application EP 0 937 999 A1 discloses a microlitho- 
graphic projection objective, which contains one or more optical elements 
which cause disturbance of the polarization distribution across the cross 
section of a light beam. This disturbance of the polarization distribution is at 
least partially compensated for by means of a polarization compensator, 
which comprises at least one birefringent optical element with a thickness 
which varies irregularly over its cross section. The polarization compensa- 
tor has a fixed predetermined spatially varying effect function, is manufac- 
tured individually in the form of "polarization goggles" on the basis of po- 
larization-optical measurement data which is recorded on the completely 
assembled and adjusted system, and is permanently mounted in the sys- 
tem by the manufacturer. 

EP 964 282 A2 deals with the problem of a preferred polarization direction 
being introduced when light passes through catadioptric projection systems 
with deflection mirrors, resulting in the deflection mirrors, which have two or 
more coatings, having different deflection levels for s-polarized and 
p-polarized light. In consequence, light which is still unpolarized in the reti- 
cle plane is partially polarized in the image plane, which is said to lead to 
direction dependency of the imaging characteristics. This effect is counter- 
acted by producing partially polarized light in the illumination system with a 
predetermined residual polarization degree in order to create a polarization 
advance, which is compensated for by the projection optics such that unpo- 
larized light emerges at its output. 

EP 0 602 923 B1 (corresponding to US-A 5,715,084) discloses a catadiop- 
tric projection objective which is operated with linear-polarized light and has 
a polarization beam splitter, in which a device for changing the polarization 
state of the light passing through is provided between the beam splitter 
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cube and the image plane, in order to convert the incident, linear-polarized 
light to circular-polarized light (as an equivalent to unpolarized light). This is 
intended to ensure imaging contrast that is independent of the structure 
direction. A corresponding proposal is also made in EP 0 608 572 (corre- 
sponding to US-A 5,537,260). 

The patent US 5,673,103 discloses a projection illumination method for re- 
ticle structures with at least two different structure directions, which are in- 
tended to be imaged with a preferred polarization direction using polarized 
light. A rotatable polarization control device is used to align the preferred 
polarization direction of the illumination radiation for each structure direc- 
tion, by rotation optimally with respect to the structure direction. 

The patent US 5,922,513 describes a projection illumination method which 
operates with elliptically polarized light. On the basis of theoretical consid- 
erations, this document proposes that the ellipticity degree and the elliptic- 
ity angle be set as a function of the reticle structures so as to produce op- 
timum contrast. 

The invention is based on the object of providing a microlithographic illumi- 
nation method and a projection illumination system which is suitable for 
carrying out the method and which also allows good imaging performance 
at short operating wavelengths of about 193 nm or less. One particular aim 
is to minimize polarization-dependent imaging errors over the entire lifetime 
of the projection illumination system. A further aim is to simplify the adjust- 
ment of projection illumination systems. 

In order to achieve this object, the invention provides an illumination 
method having the features of Claim 1, as well as a projection illumination 
system having the features of Claim 17. 
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Advantageous developments are specified in the dependent claims. The 
wording of all the claims is included in the content of the description by ref- 
erence. 

In an illumination method according to the invention of the type mentioned 
initially, the pattern of the mask is illuminated with illumination radiation 
from an illumination system, thus resulting in radiation being produced 
which has been changed by the pattern. This radiation passes through the 
projection objective and produces output radiation which is directed at the 
substrate and has an output polarization state. The variable adjustment of 
the output polarization state with the aid of at feast one polarization ma- 
nipulation device results in the actual output polarization state being 
matched to a nominal output polarization state, which is intended for the 
corresponding i})um)nation, to such an extent that it is possible to comply 
with the tolerances, as specified for the illumination process, for polariza- 
tion-sensitive imaging errors. 

The invention makes it possible to effectively correct polarization aberra- 
tions, that is to say effects which are related to the vector character of the 
electric field. One major advantage of the invention is that variable adjust- 
ment of the output polarization state also makes it possible to control and 
minimize those imaging errors which can occur only during operation of a 
projection illumination system, for example at the premises of the manufac- 
turer of semiconductor components. This is because it is necessary to take 
account of the fact that the residual absorption of the optical elements of a 
lithography objective can lead to heating, which can itself lead to mechani- 
cal stresses which in turn can lead to the creation or variation of the bire- 
fringent effect in correspondingly susceptible materials. In this case, the 
spatial patterns of the heating are generally application-specific and can 
therefore not be taken into account for all time by an optimized design of a 
projection illumination system. Further changes in the polarization effect 
during the life of a projection illumination system can be caused by radia- 
tion-induced and contamination-induced layer degradation, relaxation of 



WO 2005/031467 



PCT/EP2003/011977 



7 

stresses or else by position changes of elements that produce a polariza- 
tion effect, for example by shifting and tilting. Since it is possible in the case 
of projection illumination systems according to the invention to set the out- 
put polarization state variably by means of suitable polarization manipula- 
tion, it is possible to react at short notice to such polarization changes, in 
order to keep the imaging performance within predetermined specifications 
overall. 

In particular, it is thus possible for the illumination system and/or the projec- 
tion objective to contain at least one optical element which causes distur- 
bance of the polarization distribution over the cross section of a beam, and 
for the output polarization state to be adjusted so as to at least partially 
compensate for this disturbance or interference. One or more polarization 
manipulation devices which are used for this purpose can accordingly be 
configured, or can be adaptively configured, as a compensator or compen- 
sators for partial or complete compensation of such disturbances. 

The adjustment of the output polarization state according to the invention is 
accordingly carried out in preferred variants during the operation of the pro- 
jection illumination system, in particular at its point of use. 

An adjustment process can be carried out away from the point of use, for 
example at the manufacturer's premises, for example for adjustment work 
before initial use and/or during maintenance work. Considerable time and 
cost advantages for adjustment and maintenance can be achieved with the 
aid of the invention. 

For the purposes of this application, a "polarization manipulation device" is 
a device with one or more components which have a polarization-optical 
effect, can change the polarization state of the incident radiation in a man- 
ner which can be predetermined in a defined manner, and which is alterna- 
tively also referred to in the following text as "polarization elements". These 
may be integral or formed from two or more parts. In this case, a polariza- 
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tion manipulation device is alternatively also referred to as a polarization 
manipulator and has at least two different configurations, which correspond 
to different polarization-optical effect functions. 

The possible polarization state changes include in particular deliberate po- 
sition-dependent modification of the polarization state over the cross sec- 
tion of a radiation beam. Polarization elements with an effect which de- 
pends on the position are also referred to in the following text as being "po- 
sition-variant" or "space-variant". Furthermore, polarization elements are 
possible with an effect which depends on the incidence angle of the radia- 
tion. These are also referred to in the following text as "angle-variant". 
Components or polarization elements with a polarization-optical effect may 
also have an effect which is dependent both on the incidence angle and on 
the position, in which case one of the dependences is generally dominant. 
Angle-dependent polarization effects occur, for example, with intrinsic bire- 
fringence and layer transmission or reflection in isotropic layers. For a posi- 
tion-dependent effect, elements which are structured laterally, that is to say 
over their cross section, can be used for example and this can be done, for 
example, on a diffractive or crystal-optic basis. A position-dependent effect 
can likewise be achieved by transmission or reflection on anisotropic lay- 
ers. Finally, a position-variant effect can also be achieved by means of a 
position distribution, which is set deliberately and may possibly be variable, 
of mechanical stresses in a material which has a stress-optical effect. 

The polarization-optical effect of two cited types of polarization elements 
depends on the installation position in the respective optical system. When 
positioned in the vicinity of or on a pupil plane, a position-variant element 
acts on the pupil, and an angle-variant element acts on the field. When po- 
sitioned close to the field, that is to say on a field plane or in its vicinity, this 
is precisely reversed. In this case, a position-variant element acts on the 
field, and an angle-variant element acts on the pupil. The polarization 
states over the field and over the pupil can accordingly be influenced at 
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least approximately separately by choice of the installation position and, 
possibly, of suitable combinations. 

In one development, the adjustment of the output polarization state com- 
prises the insertion, which can be carried out as required, of at least one 
component which has a polarization-optical effect, with a predetermined 
position-variant and/or angle-variant effect function at a predetermined in- 
stallation position in the beam path between a light source, which is asso- 
ciated with the illumination system, and the image plane of the projection 
objective. The output polarization state can accordingly be varied by inser- 
tion of a polarization element such as this in the beam path, or by removing 
it from the beam path. 

It may be particularly advantageous for a first component with a polariza- 
tion-optical effect and having a first effect function to be exchanged for at 
least one second component, with a polarization-optical effect and having a 
second effect function that is not the same as the first, so that, possibly in 
combination with removal of polarization elements at the point of installa- 
tion, it is possible to select or switch between two, three or more different 
options for influencing the polarization state. 

Alternatively or additionally, it is possible to achieve the adjustment of the 
output polarization state by means of step-by-step or continuous variation 
of the effect function of at least one adjustable component with a polariza- 
tion-optical effect. This can be permanently installed in the system, but it is 
likewise possible to exchange it for adjustable polarization elements. 

If a polarization manipulation device is provided in the illumination system, 
then the polarization state of the illumination radiation which falls on the 
mask can be adjusted deliberately in order to provide, for example, virtually 
or completely unpolarized or circular-polarized light, or largely linear- 
polarized light in the mask plane. Any manipulation of the illumination radia- 
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tion can also affect the output polarization state, and can be optimized in a 
corresponding manner. 

The imaging can be influenced by using one or more polarization manipula- 
tion devices between the object plane and the image plane of the projection 
objective. In this case, a polarization manipulation device may possibly be 
arranged outside the projection objective, that is to say between the object 
plane and the objective inlet, or between the objective outlet and the image 
plane. This has the advantage that it makes it possible to avoid critical in- 
tervention in the projection objective. In many embodiments, at least one 
polarization manipulation device is provided on or in the projection objec- 
tive. 

The polarization manipulation device may be an exchangeabfe device, by 
means of which suitable polarization elements may optionally be inserted 
into or removed from the illumination beam path or imaging beam path, or 
may possibly be exchanged for polarization elements with a different po- 
larization-changing effect. Devices for step-by-step or continuous variation 
of the effect function of an adjustable polarization element that is located in 
the beam path, without exchanging it, are also possible. For example, posi- 
tion-resolving (spatially resolving) adjustment of locally different delay ef- 
fects on a delay device can be used to vary the local distribution of the po- 
larization-optical effect over the cross section of the polarization element 
by, for example, adjusting the stress state of a component composed of 
stress-birefringent material by means of suitable actuators on the basis of a 
position distribution which can be predetermined. The effect function of one 
or more polarization elements can also be varied by changing its or their 
position, for example by rotation, decentering or tilting of one or more bire- 
fringent elements. 

In many cases, it has been found to be particularly effective for polarization 
manipulation to be carried out on the basis of measured polarization-optical 
parameters. Accordingly, in one development, the output polarization state 
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is measured with the aid of at least one polarization measurement device, 
in order to produce at least one actual signal which represents the present 
actual output polarization state. The corrections that are required for opti- 
mization can be determined by comparison of the actual output polarization 
state with the desired nominal output polarization state. Depending on the 
actual signal, at least one adjustment signal is produced, which Is then 
used for adjustment of the output polarization state by means of at least 
one polarization manipulation device, in order to make this approach the 
nominal output polarization state. 

The actual signal can be produced, for example, by angle-resolved and/or 
position-resolved measurement of the polarization state in the area of a 
field plane, in particular in the area of the image plane of the projection ob- 
jective. Position-resolved measurement of the polarization state present in 
the area of a pupil plane is also possible. 

This makes it possible to provide a control loop for real-time control of the 
output polarization state. The optical and/or electronic components that are 
required to carry out polarization control may be part of a wafer stepper or 
of a wafer scanner, so that the polarization control can be used during op- 
eration of the projection illumination system. For example, measurements 
can be carried out, and the projection objective and/or the illumination sys- 
tem can be optimized by means of suitable polarization manipulation, dur- 
ing production pauses between individual illumination processes. 

It is also possible to produce one or more adjustment signals for a polariza- 
tion manipulation device on the basis of a preset function provided in ad- 
vance, for example a setting table or the like. This allows forward correction 
of the projection illumination system in order, for example, to optimize the 
output polarization state for a specific type of illumination process on a 
process-specific basis. The data for the preset function can in theory be 
determined on the basis of model calculations, and/or empirically. 
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The above and further features are evident not only from the claims but 
also from the description and from the drawings, wherein the individual fea- 
tures are in each case implemented in their own right or in combinations of 
two or more in the form of subcombinations for an embodiment of the in- 
vention and in other fields, and may represent advantageous embodiments 
as well as embodiments that are patentable in their own right. 

Figure 1 shows a schematic illustration of one embodiment of a projec- 
tion illumination system according to the invention; 

Figure 2 shows a schematic illustration of a catadioptric projection ob- 
jective according to one embodiment of the invention; 

Figure 3 shows a schematic illustration of one embodiment of a polari- 
zation manipulation device with a delay plate, whose delay ef- 
fect can be adjusted variably on a position-resolving basis; 

Figure 4 shows a schematic diagram to explain a delay which is non- 
uniform over the cross section of the delay element; 

Figure 5 shows various embodiments of angle-variant polarization 

elements; 

Figure 6 shows various embodiments of predominantly position-variant 

polarization elements; 

Figure 7 shows a schematic illustration to explain the creation of struc- 
ture-induced birefringence in sub-wavelength gratings; 

Figure 8 shows embodiments of polarization elements with differently 

structured sub-wavelength gratings; 
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Figure 9 shows a variant of a polarization element for position- 
resolving conversion of any desired polarization states to any 
other desired polarization states with series-connected A/4 
and A/2 delay devices; 

Figure 10 shows various embodiments for polarization elements of the 

type shown in Figure 9; and 



Figure 1 1 shows an embodiment of a polarization element (A/x retarder) 

for changing from linear-polarized light to any desired ellipti- 
cally polarized light, or vice versa. 



Figure 1 shows an example of a projection illumination system 1 for micro- 
lithographic production of integrated circuits and other finely structured 
components with resolutions down to fractions of 1 u,m. The installation 1 
comprises an illumination system 2 for illumination of a photomask 5 which 
is arranged in the outlet or image plane 4 of the illumination system, as well 
as a projection objective 6 which images the pattern of the photomask that 
is arranged in its object plane 4 onto the image plane 7 of the projection 
objective on a smaller scale. A semiconductor wafer which is coated with a 
light-sensitive layer is located, for example, on the image plane 7. 

A laser 8 is used as the light source for the illumination system 2, for ex- 
ample an excimer laser used in the deep ultraviolet band (DUV) and with 
an operating wavelength of 248 nm, 193 nm or 157 nm. The light in the 
light beam that is emitted is largely linear-polarized. A downstream optical 
device 9 forms the light of the light source and transmits it to a downstream 
light mixing device 10. In the illustrated example, the optical device 9 com- 
prises a beam expander, which is arranged downstream of the laser 8 and 
is used for coherence reduction and for beam forming to a rectangular 
beam cross section with an aspect ratio x/y of its side lengths of more than 
unity. A first diffractive optical raster element which is downstream from the 
beam expander is located on the object plane of a downstream zoom axi- 
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con objective, on whose pupil plane a second optical raster element is pro- 
vided. These devices allow the illumination system to be switched between 
different illumination modes, for example between conventional illumination 
with a variable coherence degree, annu\ar field illumination and dipole or 
quadrupole illumination. The light then enters input optics, which transmit 
the light to the inlet surface 1 1 of the light mixing device. The light is mixed 
and homogenized by means of multiple internal reflection within the light 
mixing device 10, and emerges at the outlet 12 of the light mixing device, 
largely homogenized. Immediately adjacent to the outlet of the light mixing 
device there is an intermediate field plane, in which a reticle masking sys- 
tem (REMA) 13, an adjustable field aperture, is arranged. The downstream 
objective 14, which is also referred to as an REMA objective, has two or 
more lens groups, a puprl plane 15 and a deflection mirror 16, and images 
the intermediate field plane of the reticle masking system onto the reticle or 
photomask 5. 

Further details relating to the structure and method of operation of an illu- 
mination system such as this can be found, for example, in EP- 
0 747 772 A1 , whose contents are included by reference in the contents of 
this application. Embodiments without a light mixing device are also possi- 
ble. 

In the case of a wafer stepper, the entire structured surface which corre- 
sponds to a chip, in general a rectangle with any desired aspect ratio be- 
tween the height and width of, for example 1:1 to 1:2, is thus illuminated as 
uniformly as possible and with the edges being as sharp as possible on the 
reticle 5. In the case of a wafer scanner of the described type, a narrow 
strip, for example a rectangle with an aspect ratio of typically 1:2 to 1 :8, is 
illuminated on the reticle 5, and the entire structured field of a chip is illumi- 
nated in a serial form by scanning in a direction which corresponds to the y 
direction of the illumination system. In this case as well, the illumination is 
designed to be extremely uniform and to provide sharp edges at least in the 
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direction at right angles to the scanning direction, that is to say in the x di- 
rection. 

In exceptional cases, other forms of the illuminated surface on the pho- 
tomask 5 are also possible. The opening of the reticle masking system 13 
and the cross-sectional shape of the light outlet 12 of the light mixing de- 
vice 10 are matched precisely to the required field form. In the example, the 
width in the x direction is two or more times the overall height in the y direc- 
tion (scanning direction). 

*■ 

A device 20 for holding and manipulating the mask 5 is arranged behind 
the illumination system, such that the mask is located in the object plane 4 
of the projection objective and can be moved by means of a scanning drive 
in this plane for scanner operation in a departure direction (y direction). 

The projection objective 6 follows behind the mask plane 4, acts as a re- 
duction objective and images an image of a pattern, which is arranged on 
the mask, on a reduced scale, for example on a scale of 1:4 or 1:5, on a 
wafer 21 which is covered with a photoresist layer and is arranged on the 
image plane 7 of the reduction objective. Other reduction scales, for exam- 
ple greater reductions up to 1:20 or 1:200, are possible. The wafer 21 is 
held by a device 22 which comprises a scanner drive, in order to move the 
wafer in synchronism with the reticle 5, and parallel to it. 

A polarization measurement device 30 is arranged in the beam direction 
behind the wafer plane 7, and allows the output polarization state of the 
projection illumination system, that is to say the polarization state of the 
output radiation which is directed at the wafer, to be measured. In the ex- 
emplary system, a position-resolved and angle-resolved measurement of 
the field in the wafer plane 7 is possible, while other embodiments are de- 
signed for a position-resolved measurement of the outlet pupil 16 of the 
projection objective 6, which corresponds to angular resolution at the outlet 
of the projection objective. The measurement signals from the polarization 
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measurement device are processed by a control device 31 which is con- 
nected to it and uses the polarization measured values to produce control 
signals for one or more polarization manipulation devices 40, 50, 60, 70, 
80, which are arranged at se)ected installation positions in the beam path of 
the projection illumination system. 

In the illustrated embodiment, a polarization, manipulation device 40 is pro- 
vided at an installation position close to the field in the vicinity of the inter- 
mediate field plane at the outlet of the rod integrator at the inlet of the ob- 
jective 14, and a polarization manipulation device 50 is provided in the area 
of the pupil plane 15 of the objective 14, in order to allow adjustment of the 
polarization state of the illumination radiation which is incident on the reticle 
plane 4. A polarization manipulation device 60 close to the field and at the 
inlet of the objective, a polarization manipulation device 70 close to the pu- 
pil and in the area of the pupil 1 6 of the projection objective close to the 
image field, and a further polarization manipulation device 80 close to the 
field and in the immediate vicinity of the image plane, that is to say close to 
the field, are provided for the projection objective 6. In most embodiments, 
only some of such polarization manipulation devices are provided, and can 
also be arranged at other installation positions in the illumination system or 
in the projection objective, or in the vicinity of the field planes that are lo- 
cated outside the optical systems, for example immediately in front of or 
behind the reticle plane 4, or directly on the wafer plane 7. 

Figure 2 shows one embodiment of a projection objective 106, which is in 
the form of a catadioptric projection objective with polarization-selective, 
physical beam splitting. This has a catadioptric objective part 125 between 
its object plane (mask plane 1 04) and its image plane (wafer plane 1 07), 
and a purely dioptric objective part 126 behind this. The catadioptric objec- 
tive part comprises a concave mirror 127 and a beam deflection device 
128, and produces a real intermediate image, which can be arranged in the 
area of the beam splitter (129), or away from it. The beam deflection device 
comprises a physical beam splitter 129 with a polarization-selective beam 
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splitter layer 130, which is tilted with respect to that part of the optical axis 
131 which is at right angles to the object plane. The beam deflection device 
also comprises a deflection mirror 132 which is arranged in the light path 
immediately behind the beam splitter and, in conjunction with the reflection 
on the beam splitter layer, allows the object plane and the image plane to 
be arranged parallel, thus simplifying scanner operation. Since one, and 
only one, real intermediate image is produced, two mutually optically con- 
jugated pupil planes are located between the object plane and the image 
plane, that is to say a pupil plane 135 in the vicinity of the concave mirror 
and a pupil plane 136 close to the image and in the dioptric objective part. 
The pupil planes are generally not exactly flat, so that they can also be re- 
ferred to as pupil surfaces. 

In the example, the illumination system is designed to emit linear-polarized 
illumination light. In order to simplify structure-direction independent imag- 
ing, the reticle should, however, be illuminated with circular-polarized light. 
In order to achieve this, a device which is, for example, in the form for a 
X/4 plate 140 is arranged between the outlet of the illumination system and 
the reticle plane, in order to convert linear-polarized light to circular- 
polarized light. The projection objective itself is designed for operation with 
circular-polarized light and has a device which, for example, is in the form 
of a X/4 plate 141 between the object plane and the beam splitter, for con- 
version of circular-polarized light to light which is s-polarized with respect to 
the beam splitter layer 130 and is accordingly reflected well. A polarization 
rotation device 142 is arranged between the beam splitter layer 130 and 
the concave mirror 127, acts as a XI4 plate and accordingly results in the 
preferred polarization direction being rotated through 90° as the light 
passes through it twice, so that the light which arrives at the beam splitter 
layer on the return path from the concave mirror is p-polarized with respect 
to this, and is accordingly transmitted. In the refractive objective part, a fur- 
ther delay device 143 which acts as a 7J4 plate is provided in the vicinity of 
the pupil plane 136 between the deflection mirror 132 and the image plane, 
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and converts the incident linear-polarized light to circular-polarized light as 
the equivalent of unpolarized light. 

If any leakage transmission of residual components of p-polarized light oc- 
curs at the beam splitter layer, this light is trapped in a light trap 145. 

Intensity inhomogeneities in the field can be corrected in this embodiment 
by the delay effect of the delay devices 140, 141 which are arranged close 
to the field being set on a position-resolving basis such that the delay effect 
differs locally from the nominal value Xf4. The light behind the delay device 
141 is elliptically polarized at these spatially confined locations, so that the 
light is not all reflected on the beam splitter layer 130, and part of it is 
passed through to the light trap 145. The discrepancy from the nominal A/4 
value should be chosen such that the interference to be corrected is largely 
compensated for. 

Intensity homogeneities in the pupil can be corrected in an analogous 
manner by the delay effect of the delay device 142 differing locally from the 
nominal X/4 value. At these points, the light in the light path behind the de- 
lay device 142 is not purely p-polarized, but is elliptically polarized, so that 
the light is not all transmitted to the beam splitter layer, and part of it is re- 
flected. The discrepancies from the nominal X/4 value must once again be 
chosen such that the interference to be corrected is largely compensated 
for. 

Each of the delay devices 140, 141, 142, 143 can thus be used as an ad- 
justable polarization manipulator, by means of which the wafer-side output 
polarization state can be adjusted in a variable manner. One possible de- 
sign configuration will be explained with reference to Figure 3. 

Figure 3 will be used for reference to describe one embodiment of a polari- 
zation manipulation device 150 which allows position-resolving adjustment 
of locally different delay effects on a delay device, and which can be ad- 
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justed in a variable manner such that position-resolving variation of the ef- 
fect function of the polarization element is possible by variation of a local or 
a spatial distribution of the polarization-optical delay effect over the cross 
section of the polarization element. The polarization manipulation device 
150 comprises a plane-parallel plate 151 composed of calcium fluoride, 
whose crystallographic <100> axis is aligned at right angles to the plane of 
the plate and, in the installed state, is intended to be located essentially 
parallel to the optical axis. Rows of actuators 152 which can be electrically 
actuated individually are in each case fitted on the mutually opposite longi- 
tudinal sides on the circumference of the rectangular plate and may, for 
example, be in the form of calibrated piezoelectric elements, motor-driven 
micrometer screws or stepped-down stepper motors. Owing to the 
stress-birefringent characteristics of the fluoride crystal material, a me- 
chanical prestress can be produced on the piate 151 such that the cal- 
cium fluoride plate of suitable thickness has the effect of a X/4 plate homo- 
geneously over the entire cross section. Details relating to the design of 
delay elements with a predetermined homogeneous delay effect composed 
of stressed calcium fluoride can be found, for example, in the patent 
US 6,324,003 B1. Embodiments with stress-birefringent planar plates com- 
posed of quartz glass are disclosed, for example, in the patent 
US 6,141,148 (corresponding to EP 0 942 300) from the applicant The dis- 
closure content of these documents is included by reference in the context 
of this description. 

In contrast to conventional devices, it is possible in the case of polarization 
manipulation devices according to the invention to produce locally different 
delay effects in accordance with a delay profile that can be predetermined 
by deliberate actuation of the pressure-producing actuators 152 on the de- 
lay plate 151, in order to allow position-resolving correction which can be 
matched individually to the instantaneous system state. Time-variable cor- 
rection functions can also be set via the actuators which can be driven, in 
order to make it possible to carry out continuous variations between differ- 
ent spatial distributions of the delay effect In this case, the position resolu- 
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tion can be adjusted via the number of actuators 152, the geometry of the 
field 153 and the distance between a corresponding polarization manipula- 
tion device and an adjacent field plane, and is dependent on the material 
characteristics of the plate material 

When using a wafer scanner of the described type, the primary factor is the 
delay averaged over the scanner slit. This is illustrated schematically in 
Figure 4. In this case, the solid line indicates the field profile of the delay V M 
averaged in the scanning direction (y direction) as a function of the x posi- 
tion. This is set on a position-resolving basis by adjusting the stress forces 
on the plate that are produced by the actuators 152, such that an averaged 
intensity profile l M is simulated over the field (represented by the dashed 
line), and is corrected in a corresponding manner to that described above. 
This makes it possible to partially or virtually completely compensate for 
intensity inhomogeneities over the field. Corresponding position-resolving 
corrections in the pupil area are possible by means of suitable arrangement 
of such polarization manipulation devices in the vicinity of the pupiL 

In the case of projection objectives of the described type, in which A/4 
plates or comparable delay devices are provided, this variant of polarization 
manipulation can be carried out without any additional optical parts, since 
the existing delay elements can be exchanged for polarization manipulation 
devices according to the invention. Extreme correction ranges are possible 
since, depending on the delay, the correction may assume any value be- 
tween 0% and 100%, and the position function may have any desired, gen- 
erally asymmetric, profiles. 

Each of the delay devices 140, 141, 142, 143 may be designed in this or a 
similar manner as polarization manipulators, with one or two suitably posi- 
tioned manipulators generally being sufficient. Polarization manipulators of 
the illustrated type may also be installed in catadioptric projection objec- 
tives with geometric beam splitting, in purely refractive projection objec- 
tives, or within an illumination system. Elements with different delay effects, 
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for example 7J2 plates, may also be used in an analogous manner for posi- 
tion-resolving, variable setting of specific delay effects. 

In order to have reliable control of the polarization state, provision is made 
in some embodiments for the elements which introduce the pressure to be 
calibrated, and/or for the pressure that they introduce and/or their position 
to be monitored. Alternatively or additionally, measurement processes for 
the selected polarization state may be provided for this purpose, allowing 
deliberate trimming of the delay elements. Particularly in the case of 
stressed rectangular plates, it may be worthwhile to design these to be ro- 
tatable, in order to provide a variable birefringence axis position for different 
applications. 

As an alternative to rectangular plates, it is also possible to provide round 
stress-birefringent discs, on whose circumference two or more radially act- 
ing actuators are arranged, in order to deliberately produce specific radial 
or tangential birefringence profiles. 

There are numerous further possible ways to provide polarization 
manipulators with a polarization-optical effect which can be adjusted 
deliberately and, if required, can be varied in the installed state. For 
example, a delay device (retarder) can be mounted rotatably, in particular 
in order to allow rotation about the optical axis. The rotation of a 
plane-parallel plate in this case does not produce any change in the scalar 
optical effect Although its stress can lead to deformation of the wavefront, 
this can, however, be kept small provided that the plate thickness is 
sufficient, or its effect can be corrected by scalar means. In addition, axial 
shifting of an inhomogeneously stressed plane-parallel plate is evident only 
in the polarization state, but not in the scalar wavefront. Polarizing layers 
which can be influenced by stress or stressed lenses which can in theory 
be rotated without any scalar optical effect are also possible. Furthermore, 
rotation and/or axial shifting of wedges, at least one of which is composed 
of birefringent material, are/is also possible. For example, stressed cal- 
cium fluoride or, for example, " - 
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magnesium fluoride can be used for this purpose which, if required, can be 
wrung onto a calcium fluoride substrate, or can be fixed in some other 
manner. Rotatabfe diffractive sub-wavelength gratings are also possible. 
The principle of operation of such elements will be explained in detail fur- 
ther below. Alternatively or additionally to rotation about the optical axis and 
decentering transversely with respect to this, it is also possible to tilt suit- 
able polarization elements for polarization manipulation. 

Adjustment of the output polarization state by variation of the polarization- 
optical characteristics of the projection illumination system can also be 
achieved by polarization elements with a fixed predetermined polarization- 
optical effect being inserted into or removed from the beam path as re- 
quired, or to be exchanged for polarization elements with a different effect 
function, with the aid of suitable exchanging devices. This can preferably 
be done as a function of polarization-optical measurement data, in order for 
the output polarization state to be approximated to a desired required 
value. 

Examples of angle-variant polarization elements will be explained with ref- 
erence to Figure 5, while Figure 6 shows examples of (predominantly) posi- 
tion-variant (space-variant) polarization elements. The planar plate 201 
which is illustrated in Figure 5(a) and is composed of stressed cal- 
cium fluoride forms an angle-variant polarization element 200 and has a 
delay effect that depends on the incidence angle. In this case, if the inci- 
dent beams 202 are parallel to the optica/ axis, an optical path length dif- 
ference OPDi is produced between the mutually perpendicular components 
of the electric field vector, depending on the extent of birefringence and on 
the thickness of the material through which the beam passes in the appro- 
priate direction. In the case of beams 203 which run at an angle to the opti- 
cal axis, the length of the optical material through which the beam passes 
is greater, and the extent of birefringence may also differ from that when 
the beam passes through it axially. Overall, this results in an optical path 
ength difference OPD 2 for the field components, with OPD 2 not being the 



WO 2005/031467 



PCT/EP2003/011977 



23 

same as OPDi. This results in a delay effect which depends on the inci- 
dence angle. The angle-variant polarization element 210 in Figure 5(b) 
comprises a transparent substrate 211, onto whose inlet side a dielectric 
multilayer system 212 with an isotropic, birefringent effect is applied. 
Analogously to the birefringent plate, this results in delay effects which are 
dependent on the incidence angle, with different optical path length differ- 
ences OPD1 and OPD 2 within the layer system. 

A layer system such as this may, in particular, be a multiple layer system 
with a large number of individual layers, with two or more or all of the indi- 
vidual layers having an optical layer thickness which is small in comparison 
to the operating wavelength of the illumination radiation. This results in the 
production of so-called form birefringence. 

Figures 6(a) to (c) show examples of predominantly position-variant polari- 
zation elements, which may all have a symmetrical, for example radially 
symmetrical or rotationally symmetrical spatial effect function, or an asym- 
metric spatial effect function. The polarization element 220 has a plane- 
parallel transparent plate 221, to whose inlet side a diffractive structure 222 
is applied, in order to deliberately generate a position-dependent birefrin- 
gence distribution. Structures such as these may produce structure- 
induced birefringence (structural birefringence), which is particularly pro- 
nounced when the periodicity lengths of the structures are small in com- 
parison to the operating wavelength that it used (sub-wavelengths or 
sub-A, structures). In the case of sub~X structures, no interfering higher dif- 
fraction orders are generated. In some circumstances, layers such as these 
may at the same time have an anti-reflection effect. In the exemplary sys- 
tem, linear gratings with different grating constants gi and g 2 and structure 
widths bi and b 2 are arranged alongside one another, producing optical 
path length differences OPD 1 and OPD 2 which are dependent on the inci- 
dence location. 
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The method of operation of sub-A, gratings will be explained in more detail 
in conjunction with Figure 7, which illustrates, schematically, the eigen po- 
larizations of a linear sub-A, grating. For small grating constants, the eigen 
polarizations E || and e_L respectively parallel to and at right angles to the 

grating grooves can be calculated in accordance with the effective medium 
model as follows: 

E JL: 4 E = lM 

Fhq + (1 - F)n 2 

In this case, F is the filling factor, which is obtained from the grating con- 
stant g and the structure width b in accordance with 




n is the refractive index of the medium and n 0 is the refractive index of the 
environment. For example, if n = 1.58 and n 0 = 1, optical path length differ- 
ences and birefringences OPD = n T M - n T E in the order of magnitude be- 
tween 0 and about 0.13 can be achieved depending on the filling factor, 
with, for example, a grating depth of 10 nm/0. 1272 = 78.6 nm being re- 
quired for F -0.5 in order to achieve a birefringence of 10 nm. In addition 
to the linear birefringence distributions explained by way of example, radial 
or tangential birefringence distributions are also possible, by means of ap- 
propriate circular sub-X gratings, or more general birefringence distribu- 
tions, possibly asymmetric birefringence distributions, are possible by 
means of more general gratings. 

Since the optical path length differences which can be achieved are typi- 
cally in the order of magnitude of a few nm, sub-A, structures are primarily 
suitable for compensation for small optical path length differences, over the 
cross section of a light beam. Otherwise, the required aspect ratio for the 
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sub-grating to be provided would be rather large. This can be overcome, for 
example, by using a combination of two or more elements (arranged one 
behind the other). A combination with volume birefringence (stress birefrin- 
gence and/or intrinsic birefringence) is also possible, in which case, for ex- 
ample, it is possible to use a diffractive structure for compensation for re- 
sidual polarization errors of birefringent crystals. Larger grating periods 
have already been mentioned, but their effect can no longer be calculated 
on the basis of the effective medium theory. Finally, diffractive structures 
can be incorporated in a high refractive-index coating or in a high refrac- 
tive-index substrate. This allows greater birefringences (optical path length 
differences) with a lower aspect ratio. Polarization elements with two or 
more sub-wavelength structures located one behind the other will be ex- 
plained in more detail in conjunction with Figure 8. 

Figures 6(b) and (c) show other possibilities for predominantly position- 
variant polarization elements. In this case, the polarization element 320 in 
Figure 6(b) has a plane-parallel transparent substrate 321, on whose inlet 
side delay platelets 322, 323 of different thickness and thus with different 
birefringence OPD<i and OPD 2 , respectively, are applied alongside one an- 
other. This allows any desired position distributions of a birefringence effect 
over the cross section of a polarization element (see Figure 11). A corre- 
sponding effect can also be achieved by anisotropic coatings of the type 
illustrated in Figure 6(c). For this purpose, an anisotropic coating 342 is 
applied to a transparent substrate 341 (which may have a plane-parallel 
form, or may be in the form of a wedge or lens) and has areas 343, 344, 
located alongside one another, of different birefringence OPD 1 and OPD 2 , 
respectively, in order to achieve a desired position distribution of the bire- 
fringence effect. 

The last described polarization elements have a fixed predetermined angle- 
variant and/or position-variant effect over their cross section. These can be 
used to set desired polarization states by inserting one or more such ele- 
ments as required into the beam path of the optical system, or removing 
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them from this beam path. For this purpose, polarization manipulators can 
be designed as exchanging devices, in the same way as the manipulations 
40, 50, 60, 70, 80 shown in Figure 1. In general, such exchangeable polari- 
zation elements can be incorporated at any point in the optical system. In 
particular, in this case, the pupil vicinity or the field vicinity may be chosen 
freely for design purposes. In this case, positions in the vicinity of the aper- 
ture (for example in the area of the pupil 16 in Figure 1) are particularly 
useful. On the other hand, positions which are freely accessible from the 
outside are also of interest. This results in the least hardware complexity of 
the exchanging capability. In the case of purely refractive projection objec- 
tives, these are, for example, the ends of the objective, that is to say those 
elements which are located closest to the reticle or to the wafer (see the 
elements 60 and 80 in Figure 1), The polarization element 80 in Figure 1 
could, for example, be an exchangeable closure plate which, as shown in 
Figure 5 or 6, is in the form of a polarization element. The area of the con- 
cave mirror is added to this in a catadioptric system (see, for example, the 
polarization element 142 in Figure 2). The final boundary surfaces, adja- 
cent to the surroundings, of an optical system may, for example, be coated 
and/or provided with sub-X structures. 

With regard to the exchangeability, the mask and the wafer can also them- 
selves be used as positions for polarization elements. Polarization filters 
may, for example, be fitted on a so-called "hard pellicle" close to the reticle. 
It is also possible to coat the mask (reticle) or to cover it with a raster com- 
posed of microstructured or oriented facets, such that advantageous polari- 
zation is achieved, matched to the respective reticle structures. By way of 
example, a polarization filter of the type illustrated in Figure 5(b) or 6(c) can 
be provided on a wafer by appropriate coating over the light-sensitive layer 
(top-anti-reflective coating). In general, polarization elements on the reticle 
or on the wafer have the advantage that they have to satisfy less stringent 
life requirements than elements within the optical system. 
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In addition, the polarization-optical effect in the illumination system de- 
pends on the position of a polarization element While, in principle, all the 
positions in the illumination optics are available for exchangeable polariza- 
tion elements, the ends of this projection objective (for example the polari- 
zation manipulator 40 in Figure 1) or of the input group 9 are suitable for 
such elements, in addition to the area of the pupil 15 of the imaging objec- 
tive 14 (polarization manipulator 50 in Figure 1). Furthermore, the reticle 
rear face is also available. 

Diffractive elements with structure-induced birefringence can be used to 
generate numerous polarization transformations. The transformation of in- 
put radiation with any desired eflipticity to cicular-polarized light is of par- 
ticular technical importance in the field of lithography optics. This can be 
achieved by "diffractive pseudo-depolarizers". In this context, this means 
diffractive elements with a Jones matrix J, which can convert polarized ra- 
diation with an eflipticity > 0 to circular-polarized radiation, in accordance 
with: 
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For a linear birefringent structure at the angle q>, the Jones matrix becomes: 
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in order to find the suitable polarization element for a predetermined input 
polarization state, the Jones matrix shown above can be substituted into 
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the equation mentioned above it, and the solution for the angle 9 or can 
be found. 

For Yvnear-polarized input radiation, the solution is a suitably rotated Xf4 
retarden As the input radiation becomes more elliptical, the required delay 
becomes shorten and the minima along the angle orientation become 
broader. In any case, the two variable parameters a and a, which describe 
the input polarization are opposite the two unknowns q> (angle orientation) 
and A\|/ (delay) of the birefringent element. 

More general polarization transformations are possible by means of polari- 
zation manipulation devices which comprise at least one delay group with a 
first delay device having a first delay effect, and at least one second delay 
device with a second delay effect, which is not the same as the first. As an 
example, Figure 8(a) shows a polarization manipulator 400, which com- 
prises two delay plates 401, 402 which are arranged one behind the other 
in the light propagation direction and to each of which differently dimen- 
sioned sub-wavelength structures 403, 404 of different orientation and/or 
structure parameters (grating constant, structure width) are applied. When 
using diffractive structures for producing delays, it is also possible as 
shown in Figure 8(b) to provide polarization manipulators 450 in which two 
or more differently oriented and/or dimensioned diffractive structures 452, 
453 are accommodated on a common substrate 451 . 

In the case of delay groups having at least two delay devices (retarders) 
with a different effect, use is made of the known breakdown of the Jones 
matrix into a product of "elementary matrices". It is thus possible to repre- 
sent any desired Jones matrix as the product of two mutually rotated Xf4 
retarders and a X/2 retarder (see, for example, the article by V. Bagini 
R. Borghi, F. Gori, F. Frezza, G. Schettini, G.S: Spagnoto, The Simon Mu- 
kunda polarization gadget", Eur, J. Phys. 17 (1996) pages 279 - 284). it is 
thus also possible within the scope of the invention to use as a polarization 
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manipulation device a delay group in which a first delay device with the ef- 
fect of a A/4 delay, a second delay device with the effect of a A/2 delay, and 
a third delay device with the effect of a A/4 delay are provided in this se- 
quence. In this case, the individual delay devices may be provided, as de- 
scribed, by sub-wavelength structures, coated substrates or else by other 
suitable retarders, for example by plates composed of birefringent material 
of suitable thickness. 

A delay device may in this case have the same delay effect over the entire 
useful cross section. It is also possible to use delay devices which com- 
prise a large number of individual delay elements over their cross section, 
and which are arranged in a raster arrangement, essentially filling the area. 
The individual delay elements may in this case differ in terms of the abso- 
lute magnitude (A/x) of the delay effect and/or in terms of their axis orienta- 
tion (orientation of the crystallographic major axis of a birefringent material). 
Various embodiments of polarization manipulation devices with delay 
groups of this type will be explained with reference to Figures 9 to 1 1 . 

Figure 9 shows, schematically, a polarization element 500, by means of 
which any desired polariation state of incident radiation can be converted to 
any other desired polarization state of the output radiation, on a position- 
resolved basis. The polarization element is a delay group with three delay 
devices 501, 502, 503 which are arranged one behind the other in the light 
propagation direction, are each in the form of plates, and comprise a large 
number of individual, hexagonal delay elements 510, 511, 520, 521, 530, 
531 over their illuminated cross section, with each of the delay devices be- 
ing arranged directly adjacent to one another, essentially filling the surface. 
The delay elements 511, 521, 531 or 510, 520, 530 which are arranged 
one behind the other in the light propagation direction each have different 
orientations of the (symbolized by double-headed arrows) optical axes of 
the birefringent material and, overall, form a large number of optical chan- 
nels, each of which has a defined, polarization-changing effect. A first delay 
element 510, 511 with the effect of a A/4 delay, a second delay element 
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520, 521 with the effect of a A/2 delay, and a third delay element 530, 531 
with the effect of a A/4 delay are arranged in this sequence in each optical 
channel. A combination such as this of two A/4 retarders and one A/2 re- 
tarder in the sequence A/4 - A/2 - A/4, as already explained in conjunction 
with Figure 8, can be achieved from input radiation with any desired polari- 
zation state for any desired output polarization state, possibly even a com- 
pletely polarized output polarization state. In order to achieve sufficiently 
fine position resolution, raster arrangements and/or segment or facet ar- 
rangements with more than four, more than 10, or more than 50 individual 
delay elements are in each case provided in preferred embodiments, and 
their crystallographic axes can be rotated as desired with respect to one 
another. Possible ways for structural configuration of the individual delay 
devices, which are in the form of plates, can be found, for example, in 
EP 0 764 858, whose disclosed content relating to this is included in the 
content of this description. The individual delay elements may also be 
formed by coated substrates and/or substrates with sub-wavelength struc- 
tures. 

Two advantageous possible ways to implement such delay groups will be 
explained with reference to Figure 10. One possibility (Figure 10a)) is to 
use a separate, transparent substrate 601, 602, 603, for example in the 
form of a plane-parallel plate, for each raster delay device, to wring the in- 
dividual delay elements 610, 611, 612 onto one face of the substrate such 
that they fill the surface, or to fix them in an optically neutral manner in 
some other way. Polarization elements 650 as shown in Figure 10(b) are 
also possible, in which three delay elements 651, 652, 653 with the same 
shape but with a different orientation of their crystallographic axes are 
wrung directly onto one other for each optical channel, and this sandwich 
arrangement is wrung onto a transparent substrate 660. 

One embodiment of a polarization element 700 will be described with refer- 
ence to Figure 11 which, inter alia, allows a linear polarization state of inci- 
dent light to be converted to any desired elliptical polarization state of the 
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output light, or vice versa. In this rastered polarization element, a targe 
number of individual birefringent delay elements 702 which may, for exam- 
ple, have a hexagonal shape are arranged on a plane-parallel transparent 
substrate 701, filling the surface. The adjacent delay elements 702, 703, 
which each define an individual optical channel, may in this case differ both 
in terms of the absolute magnitude of the delay that is achieved and in 
terms of the orientation of their crystallographic axes. For incident, linear- 
polarized light, the orientation of the ellipse of the elliptically polarized out- 
put radiation in each channel is in this case determined by the orientation of 
the retarder axis, and the extent of the ellipticity is determined by the abso- 
lute magnitude or the intensity of the delay. The extent of the delay, that is 
to say the optical path length difference that is produced, may in this case 
be described by the parameter X/x, where x is preferably > 1, and in par- 
ticular > 2. 

Figure 1 1 shows the A/x retarder with separately produced delay elements 
702, 703 of different thickness, which are wrung onto a substrate. Alterna- 
tively, it is also possible to produce the "cells", which have delays of differ- 
ent strength, from an integral initial material by material removal, for exam- 
ple by etching, (t is also possible to use diffractive structures analogously to 
Figure 6(a). 

Polarization-changing optical components of the type illustrated in Figures 
9-11, may, for example, be used in the illumination system of a projection 
illumination system in order either to anticipate or to retrospectively com- 
pensate for an undesirable change in the polarization state of the light from 
a light source caused by system components. In particular, it is possible to 
correct the depolarizing effect of a light mixing rod 1 0 in systems with lin- 
ear-polarized light sources. For example, a position-resolving retarder of 
the type illustrated in Figure 9 or 10 can be used in the area of a pupil 
plane between the light source 8 and the rod inlet 1 1 in order to convert a 
linear input polarization to an elliptical output polarization such that a linear 
polarization state once again results on the pupil plane 15 of the illumina- 
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tion system. In the case of retrospective correction for the depolarizing ef- 
fect of components of the illumination system, a position-resolving polariza- 
tion element such as this could also be used in the area of the pupil plane 
1 5 in order to convert an elliptical polarization state in the area of this pupil 
plane to a linear polarization state at the output of the illumination system, 
once again. 

All the polarization elements described here with a fixed predetermined, 
position-resolving and/or angle-resolving, polarization-changing effect may 
be used as exchangeable polarization elements, which can be inserted into 
the beam path or can be removed from it, selectively, with the aid of suit- 
able exchanging devices, in order to set the output polarization state of the 
projection illumination system in a defined manner. 

The described polarization elements may all be used in the context of po- 
larization manipulation devices according to the invention. All of the polari- 
zation elements and polarization-changing optical components described in 
this application with an angle-variant and/or position-variant effect may also 
advantageously be used independently of the capability to exchange them 
in illumination systems or projection optics for microlithographic projection 
illumination systems, or in other fields, for example in the field of other pro- 
jection systems or in the field of microscopy. This also applies to the de- 
scribed polarization elements with a variably adjustable polarization- 
changing effect, for example for the adjustable delay system described in 
conjunction with Figures 2-4. 
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Patent Claims 

1 . Illumination method for illuminating a substrate which is arranged in 
the area of an image plane of a projection objective by at least one image 
of a pattern of a mask which is arranged in the area of an object plane of 
the projection objective, comprising: 

illumination of the pattern with illumination radiation from an illumination 
system for production of radiation which is changed by the pattern; 
passing the radiation which has been changed by the pattern through the 
projection objective in order to produce output radiation directed at the sub- 
strate and having an output polarization state; 

variable adjustment of the output polarization state with the aid of at least 
one polarization manipulation device in order to make the output polariza- 
tion state approach a nominal output polarization state which is intended for 
the illumination. 

2. Illumination method according to Claim 1 , wherein the output polari- 
zation state is adjusted during operation of a projection illumination system, 
in particular with the projection illumination system in situ. 

3. Illumination method according to Claim 1 or 2, wherein the adjust- 
ment of the output polarization state comprises a position-dependent modi- 
fication of the polarization state over the cross section of a radiation beam 
with the aid of at least one position-variant polarization element which is 
inserted into the beam path at an installation position. 

4. Illumination method according to one of the preceding claims, 
wherein the adjustment of the output polarization state comprises angle- 
dependent modification of the polarization state over the cross section of a 
radiation beam with the aid of at least one angle-variant polarization ele- 
ment which is inserted into the beam path at an installation position. 
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5. Illumination method according to one of Claims 3 or 4, wherein the 
installation position is located in the vicinity or in a pupil plane of an optical 
system. 

6. Illumination method according to one of Claims 3 to 5, wherein the 
installation position is arranged in the vicinity or in a field plane of an optical 
system . 

7. Illumination method according to one of the preceding claims, 
wherein the illumination system and/or the projection objective con- 
tain/contains at least one optical element which causes a disturbance to a 
polarization distribution over the cross section of a radiation beam, and 
wherein the output polarization state is adjusted such that the disturbance 
is at least partially compensated for. 

8. Illumination method according to one of the preceding claims, 
wherein the adjustment of the output polarization state comprises optional 
insertion of at least one polarization element with a predetermined effect 
function at a predetermined installation position into the beam path be- 
tween a light source, which is associated with the illumination system, and 
the image plane of the projection objective. 

9. Illumination method according to one of the preceding claims, 
wherein the adjustment of the output polarization state comprises ex- 
change of a first polarization element with a first effect function by at least 
one second polarization element with a second effect function, which is not 
the same as the first effect function. 

10. Illumination method according to one of the preceding claims, 
wherein the adjustment of the output polarization state comprises step-by- 
step or continuous variation of the effect function of at least one adjustable 
polarization element which is arranged in the beam path. 
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11. Illumination method according to Claim 10, wherein the variation of 
the effect function comprises position-resolving adjustment of locally differ- 
ent delay effects on a delay device, 

12. Illumination method according to one of the preceding claims, com- 
prising the following steps: 

measurement of the output polarization state with the aid of at least one 
polarization measurement device for production of an actual signal which 
represents the current actual output polarization state; 
production of at ieast one adjustment signal as a function of the actual sig- 
nal; 

adjustment of the output polarization state with the aid of at least one po- 
larization manipulation device as a function of the adjustment signal. 

13. Illumination method according to Claim 12, wherein the measure- 
ment of the output polarization state comprises an angle-resolved and/or 
position-resolved measurement in the area of a field plane of the projection 
illumination system. 

14. iUumination method according to Claim 12 or 13, wherein the meas- 
urement of the output polarization state comprises a position-resolved 
measurement of the polarization state in the area of a pupil plane of a pro- 
jection objective. 

15. Illumination method according to one of the preceding claims, com- 
prising the following steps: 

production of at least one adjustment signal for at least one polarization 

manipulation device on the basis of a preset function; 

adjustment of the output polarization state as a function of the adjustment 

signal. 

16. Illumination method according to one of the preceding claims, 
wherein polarization states of a projection illumination system are influ- 



WO 2005/031467 



PCT/EP2003/011977 



36 

enced essentially independently of one another over the field and over the 
pupil. 

17. Projection illumination system for illumination of a substrate which is 
arranged in the area of the image plane of a projection objective with at 
(east one image of a pattern of a mask which is arranged in the area of an 
object plane of the projection objective with: 

an illumination system (2) for illumination of the pattern with illumination 
radiation; 

a projection objective (6) for production of an image of the pattern in the 
area of the image plane (7) with the aid of output radiation which is directed 
at the substrate (21 ) and has an output polarization state; and 
at least one polarization manipulation device (40, 50, 60, 70, 80, 150) for 
variable adjustment of the output polarization state. 

18. Projection illumination system according to Claim 17, wherein at 
least one polarization manipulation device (40, 60, 80, 150) is arranged in 
the vicinity of a field plane (1 2, 4, 7) or in a field plane of the projection illu- 
mination system. 

19. Projection illumination system according to Claim 17 or 18, wherein 
at least one polarization manipulation device (50, 70, 150) is arranged in 
the vicinity or in a pupil plane (15, 16) of the projection illumination system. 

20. Projection illumination system according to one of Claims 17 to 19, 
which has at least one associated polarization measurement device (30) for 
measurement of the output polarization state, and a control device (31) for 
controlling at least one polarization manipulation device (40, 50, 60 70, 80, 
150) as a function of measurement signals from the polarization measure- 
ment device. 

21. Projection illumination system according to one of Claims 17 to 20, 
wherein a control loop is provided for real-time control of the output polari- 
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zation state, and comprises at least one polarization measurement device 
(30), a control unit (31) which is connected to it, and at least one polariza- 
tion manipulation device (40, 50, 60, 70, 80) which is connected to the con- 
trol unit. 

22. Projection illumination system according to Claim 20 or 21 , wherein 
the polarization measurement device (30) is designed for position-resolving 
and/or angle-resolving measurement of the polarization state in the area of 
the image plane (7) of the projection objective, and/or for position-resolving 
measurement of the polarization state in the area of a pupil plane (16) of 
the projection objective. 

23. Projection illumination system according to one of Claims 17 to 22, 
wherein the illumination system and/or the projection objective con- 
tain/contains at least one optical element which produces a disturbance in 
a polarization distribution over the cross section of a beam, and wherein 
the polarization manipulation device is configured or can be configured as a 
compensator for at least partial compensation for the disturbance. 

24. Projection illumination system according to one of Claims 17 to 23, 
wherein at least one polarization manipulation device is in the form of an 
exchanging device, by means of which one or more polarization elements 
can optionally be inserted into or removed from the illumination beam path 
or from the imaging beam path. 

25. Projection illumination system according to one of Claims 17 to 24, 
wherein at least one polarization manipulation device is in the form of an 
exchanging device, which is associated with at least two polarization ele- 
ments with a different effect function, with the exchanging device being an 
exchanging device for exchanging polarization elements with a different 
function. 
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26. Projection illumination system according to one of Claims 17 to 25, 
wherein at least one polarization manipulation device (150) is in the form of 
a device for step-by-step or continuous variation of the effect function of an 
adjustable polarization element (151) which is arranged in the beam path of 
the projection illumination system. 

27. Projection illumination system according to Claim 26, wherein the 
adjustable polarization element has an associated delay device with at 
least one delay element (151) composed of stress-birefringent material, 
which has associated actuators (152) for variable adjustment of a stress 
state, which can be predetermined, in accordance with a position distribu- 
tion which can be predetermined. 

28. Projection illumination system according to Claim 27, wherein the 
delay device can be adjusted in a variable manner such that a position- 
resolving change to the effect function of the polarization element (150) can 
be carried out by variation of a position distribution of the delay effect over 
the cross section of the delay device. 

29. Projection illumination system according to one of Claims 17 to 28, 
wherein at least one polarization manipulation device comprises at least 
one delay device which is moveably mounted. 

30. Projection illumination system according to Claim 29, wherein at 
least one polarization manipulation device contains at least one delay de- 
vice which is rotatably mounted. 

31. Projection illumination system according to one of Claims 17 to 30, 
wherein at least one polarization manipulation device contains at least one 
polarization element which can be decentered transversely with respect to 
an optical axis and/or can be tilted. 
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32. Projection illumination system according to one of Claims 17 to 31, 
wherein at least one polarization manipulation device contains a polariza- 
tion element (210, 340) which comprises a substrate to which at least one 
isotropic or anisotropic coating (212, 342), which is composed of birefrin- 
gent material, is applied. 

33. Projection illumination system according to Claim 32, wherein the 
polarization element has associated devices for mechanical bracing of the 
polarization element which contains the coating. 

34. Projection illumination system according to Claim 32 or 33, wherein 
the coating is a multiple layer system having a large number of individual 
layers, with two or more or all of the individual layers having an optical layer 
thickness which is small in comparison to the operating wavelength of the 
illumination radiation. 

35. Projection illumination system according to one of Claims 17 to 34, 
wherein at least one polarization manipulation device comprises at least 
one diffractive polarization element (220, 400, 450) with at least one bire- 
fringent sub-wavelength structure (222, 403, 404) for producing structure- 
induced birefringence. 

36. Projection illumination system according to Claim 35, wherein at 
least one polarization manipulation device contains at least one polarization 
element (220), and wherein various areas with different sub-wavelength 
structures are arranged alongside one another, for production of a position- 
variant effect function for the polarization element. 

37 Projection illumination system according to one of Claims 17 to 36, 
wherein at least one polarization manipulation device comprises at least 
one delay group (400, 500, 600, 650) having at least one first delay device 
(401, 501, 601, 651) with a first delay effect, and having at least one sec- 
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ond delay device (402, 502, 503, 602, 603, 652, 653) which differs from the 
first delay effect. 

38. Projection illumination system according to Claim 37, wherein at 
least one delay device (403, 404) in the delay group has the same delay 
effect over its entire useful cross section. 

39. Projection illumination system according to Claim 37 or 38, wherein 
at least one delay device in the delay group comprises a large number of 
individual delay elements (510, 511, 520, 521, 530, 531) which are distrib- 
uted over the cross section of the delay device and are arranged in a raster 
arrangement, essentially filling the surface area. 

40. Projection illumination system according to Claim 39, wherein the 
delay elements in a raster arrangement differ in terms of the absolute mag- 
nitude (X/x) of the delay effect and/or in terms of the orientation of the crys- 
tallographic axis. 

41. Projection illumination system according to one of Claims 37 to 40, 
wherein the delay group comprises, in this sequence, a first delay device 
(501) with the effect of a XI A delay, a second delay device (502) with the 
effect of a X/2 delay, and a third delay device (503) with the effect of a Xf4 
delay. 

42. Projection illumination system according to one of Claims 17 to 41, 
wherein at least one polarization manipulation device comprises at least 
one polarization element (320, 340, 700), and wherein different individual 
delay elements which have a different delay effect (X/x) are arranged 
alongside one another. 
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